We examined mutations in the dihydropteroate synthase (DHPS) genes of Pneumocystis carinii f. sp. hominis (P. carinii) strains isolated from 24 patients with P. carinii pneumonia (PCP) in Japan. DHPS mutations were identified at amino acid positions 55 and/or 57 in isolates from 6 (25.0%) of 24 patients. The underlying diseases for these six patients were human immunodeficiency virus type 1 infection (n ‫؍‬ 4) or malignant lymphoma (n ‫؍‬ 2). This frequency was almost the same as those reported in Denmark and the United States. None of the six patients whose isolates had DHPS mutations were recently exposed to sulfa drugs before they developed the current episode of PCP, suggesting that DHPS mutations not only are selected by the pressure of sulfa agents but may be incidentally acquired. Co-trimoxazole treatment failed more frequently in patients whose isolates had DHPS mutations than in those whose isolates had wild-type DHPS (n ‫؍‬ 4 [100%] versus n ‫؍‬ 2 [11.1%]; P ‫؍‬ 0.002). Our results thus suggest that DHPS mutations may contribute to failures of co-trimoxazole treatment for PCP.
Pneumocystis carinii f. sp. hominis (P. carinii) causes opportunistic pulmonary infection in patients with human immunodeficiency virus (HIV) type 1 (HIV-1) infection (7) . P. carinii pneumonia (PCP) in HIV-infected individuals is an important cause of morbidity and mortality, although the frequency of PCP has decreased with the establishment of highly active antiretroviral therapy (16) .
Sulfonamides are key agents for the treatment and prophylaxis of PCP. Co-trimoxazole, which is a combination of two antifolate agents, sulfamethoxazole (sulfonamide) and trimethoprim, is the first choice for the treatment and prophylaxis of PCP (14) . Since the antipneumocystosis activity of co-trimoxazole is almost entirely due to sulfamethoxazole (13, 15) , co-trimoxazole treatment is virtually sulfamethoxazole monotherapy. Resistance to sufonamides has been reported in numerous pathogens including Escherichia coli, Streptococcus pneumoniae, Neisseria meningitidis, and Plasmodium falciparum. A culture system for human P. carinii has recently been described (12) . However, whether or not the culture system can be reproduced in multiple laboratories in a standardized fashion is being evaluated, and the system has not yet been established completely.
The target enzyme of sulfonamide is the dihydropteroate synthase (DHPS), which catalyzes the condensation of p-aminobenzoic and 6-hydroxymethyl-7,8-dihydropterin pyrophosphate to produce 7,8-dihydropteroate. In Escherichia coli, Streptococcus pneumoniae, Neisseria meningitidis, and Plasmodium falciparum, mutations in DHPS genes were found to confer sulfonamide resistance (2, 3, 4, 10) . Lane et al. (9) reported DHPS mutations at amino acid positions 23, 55, 57, 60, 111, and 248 in P. carinii under selective pressure with sulfonamide drugs. Of the six mutations, it has been suggested that amino acid substitutions at codons 55 and 57 correlate with resistance to sulfonamides (6, 8, 11) . Thus, genotyping of DHPS as well as phenotyping of organism by in vitro culture may be of help with prediction of the sensitivity of P. carinii to sulfonamides and the results of treatment.
Here we report the DHPS amino acid sequence patterns of P. carinii strains isolated from immunosuppressed patients in Japan and discuss the relationship between DHPS mutations and the results of co-trimoxazole treatment in patients with PCP.
MATERIALS AND METHODS
Specimens and characteristics of patients. Bronchoalveolar lavage (BAL) fluid specimens were used in the study. Up to now BAL rather than the induction of sputum has been applied as the method of choice for the diagnosis of PCP because the use of inducted sputum may result in false-negative results. After diagnostic examinations including staining for P. carinii were completed, BAL fluid was centrifuged at 250 ϫ g for 5 min and the pellet was stored at Ϫ80°C until use. Twenty-four specimens were collected from April 1994 to September 1999 in two hospitals in Tokyo (the Institute of Medical Science Hospital, University of Tokyo, and the Tokyo Metropolitan Bokutoh General Hospital). The patients' characteristics are shown in Table 1 . The underlying diseases for the patients included HIV-1 infection (n ϭ 16), malignant lymphoma (n ϭ 3), post-kidney transplantation state (n ϭ 2), rapidly progressive glomerulonephritis (n ϭ 1), polyarteritis (n ϭ 1), and lymphoid interstitial pneumonia (n ϭ 1). The numbers of CD4-positive lymphocytes at the time of specimen collection were below 200/mm 3 for all patients for whom they were determined. Five patients were given intravenous or aerosolized pentamidine for PCP prophylaxis. Three cases (patient 5, 6, and 9) had prior episodes of PCP. No patients had taken or were taking sulfadiazine as therapy and suppression for toxoplasmosis.
PCR. The pellet obtained after centrifugation of BAL fluid was resuspended in 100 l of saline, and the DNA was extracted with SMI TEST EX-R&D (Sumitomo Metal Ind. Ltd., Tokyo, Japan). The PCR mixture contained template DNA, PCR buffer, 0.2 M (each) PCR primer (A HUM and B HUM ; see Fig.  1 ), 0.2 mM (each) deoxynucleoside triphosphate, and 2.5 U of Ex-Taq DNA polymerase (Takara Shuzo Co., Ltd., Shiga, Japan) in a total volume of 100 l.
After initial denaturation for 2 min at 94°C, 35 cycles of denaturation (94°C, 1 min), annealing (45°C, 1 min), and extension (72°C, 2 min) were performed. The reaction mixture was kept at 72°C for 10 min for final extension. In order to avoid contamination of the PCR mixtures, mixture preparation and template DNA addition were done in separate rooms. A negative control without template DNA was always included. The PCR products were electrophoresed through a 1.2% agarose gel containing 0.5 g of ethidium bromide per ml, and bands of the expected size (750 bp) were visualized with UV light, excised, and purified with a gel extraction kit (Qiagen Inc., Valencia, Calif.) by following the manufacturer's instructions.
Sequencing of PCR products. The purified PCR products were directly sequenced with an automated sequencer (ABI PRISM 377 DNA Sequencer; Perkin-Elmer, Foster City, Calif.) by using the Prism Ready Reaction Big Dye Terminator Cycle Sequencing kit (Perkin-Elmer). We sequenced both strands of the entire DHPS genes with primers A HUM and B HUM and the 5Ј halves of DHPS genes with primers A HUM and B NEST in order to avoid sequence errors (see Fig. 1 ). When a mutation was found in the DHPS gene by direct sequencing, we confirmed the mutation by cloning of the PCR products. Briefly, the PCR products were ligated into the TA-cloning vector pGEM-T (Promega, Madison, Wis.) and were introduced into competent JM 109 cells (Toyobo Co., Ltd., Osaka, Japan). Ten clones were selected for each specimen and were subjected to sequencing. The DNA and amino acids sequences were aligned with GenetyxMac, version 8.0, software (Software Development Co., Ltd., Tokyo, Japan).
Relationship between co-trimoxazole treatment failure and DHPS mutations. Co-trimoxazole treatment failure was defined as follows: failure to improve clinically in terms of fever (temperature, Ͼ38°C), dyspnea, or respiratory failure after the administration of co-trimoxazole for more than 10 days. The respiratory failure included the presence of either an arterial partial pressure of oxygen of less than 60 torr while the patient breathed Ն60% oxygen or an increased arterial partial pressure of carbon dioxide (5) . The association between the treatment failure and DHPS mutations was analyzed by a two-tailed Fisher's exact test. A P value of Ͻ0.05 was considered statistically significant.
Mutations in DHPS gene of P. carinii isolated from repeat BAL fluid specimens. Four patients (patients 4, 17, 23, and 24) had repeat fiberoptic bronchoscopies during their hospitalizations. The periods between the first and the second BALs for patient 4, 17, 23, and 24 were 42, 20, 9, and 14 days, respectively. The patients received co-trimoxazole as therapy (patients 17, 23, and 24) or chronic suppression (patient 4) for PCP during these periods. The direct sequencing of the DHPS genes of P. carinii isolates from the second BAL fluid was performed as described above. DHPS mutations were determined by sequencing 10 independent clones derived from the PCR products.
RESULTS
Sequencing of DHPS genes. The full length and 5Ј halves of the DHPS genes in 24 specimens were sequenced with the A HUM -B HUM and A HUM -B NEST primer sets (Fig. 1) . The 5Ј halves of the DHPS genes were sequenced twice with different primer sets because this portion was previously reported to have several mutation sites (6, 8, 9, 12) . As shown in Table 2 , (9) . The numbers following the amino acids represent the codon number. The numbers in parentheses indicate the positions in the nucleotides sequence of DHPS to which primers correspond.
sequencing of both strands revealed that isolates from six patients (patients 5, 6, 10, 13, 17, and 18) (25%) had mutations at nucleotide position 165 and/or 171. The DHPS mutations of those isolates were confirmed by cloning the PCR products and sequencing 10 independent clones. All 10 clones derived from patient 10 had two nucleotide changes, at positions 165 (A3G) and 171 (C3T). Clones from patients 5, 6, 17, and 18 were mixtures of wild types and mutants with mutations at positions 165 (A3G) and 171 (C3T). Clones from patient 13 showed a mixture of the wild-type strain and mutants with mutations at positions 165 (A) and 171 (C3T). The nucleotide changes at positions 165 (A3G) and 171 (C3T) were nonsynonymous and resulted in amino acid changes from Thr to Ala at amino acid position 55 and from Pro to Ser at amino acid position 57, respectively ( Table 2 ). The sequencing of the DHPS genes showed no mutations at amino acid positions 23, 60, 111, and 248 in this study (data not shown).
Relationship between co-trimoxazole treatment failure and DHPS mutations. As shown in Table 3 , treatment failures were observed more frequently in patients whose isolates had DHPS gene mutations than in those whose isolates had wild-type DHPS genes (n ϭ 4 [100%] versus n ϭ 2 [11.1%]; P ϭ 0.002). Two patients (patients 5 and 6) whose isolates had DHPS mutations were successfully treated with intravenous pentamidine because they experienced drug-induced eruption due to co-trimoxazole during the first episodes of PCP. Thus, all patients whose isolates had DHPS mutations and who were treated with co-trimoxazole failed treatment, suggesting the strong correlation between the results of treatment with cotrimoxazole and DHPS mutations at amino acid position 55 or 57.
Mutations in DHPS genes of P. carinii isolated from repeat BAL fluid specimens. Among the 24 patients enrolled in this study, 4 patients (patients 4, 17, 23, and 24) had repeat fiberoptic bronchoscopies. The second BAL fluid specimen obtained from patient 17 had a selection of mutants with Ala and Ser at amino acid positions 55 and 57, while the first BAL fluid sample from patient 17 had mixtures of Ala-Ser mutant and wild-type P. carinii isolates ( Table 2 ). In contrast, the second BAL samples from three patients (patients 4, 23, and 24) who were successfully treated with co-trimoxazole did not contain isolates with the DHPS mutations (data not shown).
DISCUSSION
In our study, co-trimoxazole treatment for PCP failed more frequently in patients whose isolates had DHPS mutations at amino acid codon 55 or 57 than in those whose isolates had the wild-type DHPS gene (n ϭ 4 [100%] versus n ϭ 2 [11.1%]; P ϭ 0.002). According to an analysis of the crystal structure of the DHPS of Escherichia coli, which is homologous to the DHPS of P. carinii (1), Thr55 seems to form two hydrogen bonds with a pterin substrate, and Arg56 is involved in binding to both sulfonamide agents and the pterin substrate. Therefore, the substitution of Ala for Thr at codon 55 in DHPS may cause a structural change in Arg56 and result in inefficient binding to sulfonamide drugs. It was also described that substitution of Pro for Ser at codon 57 might affect the binding of Arg56 to the pterin substrate and sulfonamide agents (8) . Consequently, DHPS mutations at codon 55 and/or 57 may lead to resistance to sulfonamide drugs and cause treatment failure when these agents are chosen for treatment. The second BAL fluid specimen from patient 17, obtained after 20 days of treatment with co-trimoxazole, had a selection of mutants with Ala and Ser at amino acid positions 55 and 57, while the first BAL fluid sample from the patient had mixtures of the mutant with the Ala-Ser mutation and wild-type isolates. This result strongly suggests that DHPS mutants with Ala and Ser at positions 55 and 57 have a phenotype of resistance to co-trimoxazole and are related to treatment failure. Thus, our data are consistent with the possibility that DHPS mutations are related to the failure of co-trimoxazole treatment for PCP. We believe that the mutations in the DHPS gene need to be determined by using the BAL fluid samples obtained at the time of diagnosis when patients with PCP clinically fail to respond to the administration of co-trimoxazole for more than 10 days.
In previous reports, it has been suggested that DHPS mutations at amino acid position 55 or 57 were related to failure of prophylaxis and treatment with sulfonamide (8, 11) and poor prognosis of AIDS-related PCP (6) . In reports by Helweg-Larsen et al. (6) from Denmark and Kazanjian et al. (8) from the United States, the frequencies of DHPS mutations were 20.1% (n ϭ 29) and 25.9% (n ϭ 7), respectively. Since we found DHPS mutations in isolates from 6 (25.0%) of 24 patients, the frequency of mutations observed in this study in Japan was similar to those observed in studies in Denmark and in the United States.
None of the six patients whose isolates had DHPS mutations reported here were recently exposed to a sulfonamide drug (trimethoprim-sulfamethoxazole) or a sulfone agent (dapsone) before they developed the current episodes of PCP; however, two of the patients (patients 5 and 6) had the prior episodes of PCP during which co-trimoxazole had been given for approximately 2 weeks. This suggests that P. carinii with DHPS mutations not only is selected by the pressure of sulfonamide or sulfone agents (6, 8, 9, 11) but also is incidentally acquired. A patient with two recurrences of PCP who received cotrimoxazole prophylaxis was reported to respond to treatment with a large dose of co-trimoxazole (11) . P. carinii isolates from both samples obtained from the patient during two episodes of PCP showed DHPS mutations (Ala55-Ser57). Meshnick (13) described that P. carinii strains with one or two DHPS mutations may be partly sulfa drug resistant. Although our data suggest that DHPS mutations may contribute to failures of co-trimoxazole treatment for PCP, a second genetic locus must certainly be involved in drug resistance in P. carinii.
